Glypican-1 (GPC1), a member of the mammalian glypican family of heparan sulfate proteoglycans, is highly expressed in glioma blood vessel endothelial cells (ECs). In this study, we investigated the role of GPC1 in EC replication by manipulating GPC1 expression in cultured mouse brain ECs. Moderate GPC1 overexpression stimulates EC growth, but proliferation is significantly suppressed when GPC1 expression is either knocked down or the molecule is highly overexpressed. Flow cytometric and biochemical analyses show that high or low expression of GPC1 causes cell cycle arrest at mitosis or the G2 phase of the cell cycle, accompanied by endoreduplication and consequently polyploidization. We further show that GPC1 inhibits the anaphase-promoting complex/cyclosome (APC/C)-mediated degradation of mitotic cyclins and securin. High levels of GPC1 induce metaphase arrest and centrosome overproduction, alterations that are mimicked by overexpression of cyclin B1 and cyclin A, respectively. These observations suggest that GPC1 regulates EC cell cycle progression at least partially by modulating APC/C-mediated degradation of mitotic cyclins and securin.
INTRODUCTION
Glypicans constitute a family of heparan sulfate proteoglycans (HSPGs) that are attached to the extracellular surface of the plasma membrane through a glycosyl-phosphatidylinositol (GPI) anchor. Six members of mammalian glypicans (GPC1 to GPC6) and two members of Drosophila glypicans (division abnormally delayed [dally] and dally-like) have been identified. Unlike the syndecan family of HSPGs, which are modified by both heparan sulfate (HS) and chondroitin sulfate (CS) glycosaminoglycan (GAG) chains on several attachment sites spanning the extracellular domain, glypicans are decorated only by HS chains at adjacent GAG modification sites localized ϳ50 amino acids external to the GPI anchor (Filmus and Selleck, 2001; Song and Filmus, 2002) . Glypicans, and HSPGs in general, serve as carriers and coreceptors for different HS binding growth factors and morphogens, including fibroblast growth factors (FGFs), heparin-binding epidermal growth factor-like growth factor, Wnts, transforming growth factor-␤/bone morphogenetic proteins, and Hedgehog (Whitelock and Iozzo, 2005) . However, the characteristic structure of glypicans endows them with several distinctive functional properties. Because of their GPI anchorage, glypicans are actively and selectively released from the membrane by phospholipases (Song and Filmus, 2002) . Moreover, the proximity of the HS chains to the cell surface may make them more accessible to integral membrane proteins (e.g., receptors) in contrast to other HSPGs (Tumova et al., 2000) . In addition, glypicans may preferentially localize to cholesterol-rich lipid rafts and caveolae in the membrane, leading to enhanced cell signaling, active endocytosis, and recycling (Ilangumaran et al., 2000; Cheng et al., 2002) . Glypican endocytosis and recycling play an important role in cellular glypican HS remodeling and polyamine and basic peptide uptake (Cheng et al., 2002; Belting et al., 2003) .
Glypicans are expressed during normal development in a stage-and tissue-specific manner, suggesting their involvement in morphogenesis (Filmus and Selleck, 2001; Song and Filmus, 2002) . This critical role is well established for dally in Drosophila and GPC3 in vertebrates, because mutations of these glypicans are directly linked to developmental defects and to abnormal overgrowth in Simpson-Golabi-Behmel syndrome, respectively (Nakato et al., 1995; Jakubovic and Jothy, 2007) . In adults, increasing evidence implicates glypicans in cancer development. GPC3 seems to play a dual role both as an oncofetal protein in hepatocellular carcinoma (Yamauchi et al., 2005) and as a tumor suppressor in ovarian carcinoma (Lin et al., 1999) , malignant mesothelioma (Murthy et al., 2000) , and breast cancer (Xiang et al., 2001) . A tumor-promoting effect has been ascribed to GPC1 in several human malignancies, including pancreatic cancer (Kleeff et al., 1999) , glioma (Qiao et al., 2003; Su et al., 2006) , and breast cancer (Matsuda et al., 2001) . One possible explanation for this dual role of GPCs in growth control and tumorigenesis would be their ability to act as coreceptors for both tumor growth-promoting and -inhibiting factors.
We described recently that GPC1 is overexpressed in human glioma blood vessel endothelial cells (ECs), whereas it is consistently undetectable in normal brain blood vessel ECs (Qiao et al., 2003) . The introduction of modest levels of exogenous GPC1 into mouse brain ECs in vitro by stable transfection stimulated cell growth and a mitogenic response to FGF2, a potent angiogenic factor in gliomas. The present study examines whether GPC1 is required for EC proliferation, describes the phenotype of GPC1-overexpressing cells, and explores the mechanisms of GPC1-mediated cell cycle regulation.
MATERIALS AND METHODS

Reagents and Plasmids
Dibutyryl cAMP (DBcAMP) and KT5720 were from Sigma-Aldrich (St. Louis, MO). Antibodies for cyclin B1, A, and E; phospho-p38 (Tyr 182); phospho-JNK (Thr 183 and Tyr 185); Cdc2; phospho-Cdc2 (Tyr 15); Cdc20; p27; and p21 were from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against securin, BubR1, Cdh1, and APC2 were purchased from Abcam (Cambridge, MA). Antibodies for phospho-Src (Tyr 416) and total focal adhesion kinase (FAK) were from Upstate Biotechnology (Charlottesville, VA). Antibodies for phospho-Akt (Ser 473) and phospho-FAK (Tyr 397) were from Cell Signaling Technology (Danvers, MA) and BD Biosciences (Palo Alto, CA), respectively. Antibodies for Emi1 were from Invitrogen (Carlsbad, CA). pBS/U6, which was generated by cloning the mouse U6 RNA promoter sequence (1-315 base pairs, GenBank accession no. X06980) into pBluescript II SK (ϩ/Ϫ) (Stratagene, La Jolla, CA) at KpnI and ApaI, was kindly provided by Dr. Yang Shi (Department of Pathology, Harvard Medical School, Boston, MA). The cDNA clones of mouse GPC1, cyclin B1, and cyclin A were purchased from Open Biosystems (Huntsville, AL).
Cell Culture, Treatment, and Transfection
Mouse microvascular endothelial cells derived from various organ sites of H-2K b -tsA58 ImmortoMice (Langley et al., 2003) were provided by Dr. Isaiah J. Fidler (University of Texas, M. D. Anderson Cancer Center, Houston, TX), and they were grown in DMEM supplemented with 10% fetal bovine serum, 2-mM l-glutamine, 100 U/ml penicillin/streptomycin, sodium pyruvate, nonessential amino acids, and a vitamin solution (Invitrogen, Rockville, MD). Human dermal primary microvascular endothelial cells (HMVECs) were from Cambrex (East Rutherford, NJ), and they were grown in EGM-2 endothelial cell growth medium (Cambrex). Transient transfection of mouse brain microvascular endothelial cells (BMVECs) was conducted using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions.
Generation of Adenoviruses for Gene Silencing and Overexpression
Adenoviruses containing one of two independent GPC1 small hairpin RNAs (shRNAs) (Ad-Sh-1 and Ad-Sh-2) or their scrambled controls (Ad-Sc-1 and Ad-Sc-2) were generated. Sense and antisense oligonucleotides, each containing a reverse repeat of one shRNA target sequence (21 or 22 nucleotides) interrupted by a six nucleotide spacer (AAGCTT) and tailed with a RNA polymerase III-specific terminator (TTTTT), were synthesized and annealed (Table 1) . These double-strand oligonucleotides were cloned into the pBS/U6 vector at the ApaI (blunted) and EcoRI sites. A fragment containing "U6 RNA promoter-shRNA coding sequence-terminator" cassette was excised and cloned into the pDNR-1r vector (Clontech, Palo Alto, CA) at the SmaI and PstI sites, and they were subsequently inserted into the pLP-Adeno-X-PRLS adenoviral vector according to the manufacturer's instructions (Clontech). The recombinant adenoviral DNA was linearized by PacI and transfected into 293-A cells (Invitrogen) to produce adenovirus particles, which were subsequently amplified and titered according to the manufacturer's instructions (Invitrogen). To generate GPC1 adenoviruses, a fragment of the pcDNA3.1/ myc-his B vector containing the "CMV promoter-MCS-poly (A) signal" sequences (Invitrogen) was cloned into pDNR-1r at SalI and XbaI. Then, a 2.5-kb wild-type or mutant mouse GPC1 cDNA was inserted into this modified pDNR-1r vector at EcoRI and XbaI. Adenoviral DNA recombination and subsequent adenovirus production and titering were performed as described above.
Preparation of Polyclonal Antibodies to Mouse GPC1
To prepare the immunogen, glutathione transferase (GST)-GPC1 fusion protein was expressed in Escherichia coli DH5␣ and isolated on glutathione agarose beads. The fusion protein was released from the beads using thrombin (Sigma-Aldrich) and separated on a 7.5% SDS-polyacrylamide gel electrophoresis gel. Aliquots of gel slices containing 0.2ϳ0.5 mg of purified GPC1 protein were injected into rabbits to raise polyclonal antiserum by using standard techniques (Harlow and Lane, 1988) .
Immunoblot Analysis
Total HSPGs were extracted from cells, digested with heparitinase and chondroitinase ABC, and analyzed by immunoblotting with rabbit anti-mouse GPC1 polyclonal antiserum and antibody 3G10 (Cape Cod, East Falmouth, MA) as described previously (Su et al., 2006) . For analysis of total cyclin A, B1, and E, securin, Cdc2, BubR1, Emi1, Cdc20, Cdh1, APC2, p27, p21, and FAK as well as phospho-Cdc2, -p38, -c-Jun NH 2 -terminal kinase (JNK), -Akt, -Src, and -FAK, cells were lysed in a phospho-protein lysis buffer, and 50 g of total protein was used for immunoblot analysis as described previously (Qiao et al., 2000) .
Quantitative Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
Total RNAs were isolated using RNeasy Mini kit (QIAGEN, Valencia, CA), and first-strand cDNAs were synthesized using Omniscript reverse transcription kit (QIAGEN) according to the manufacturer's instructions. To confirm the absence of genomic DNA contamination in the RNA samples, RT reactions excluding reverse transcriptase also were conducted. The RT reactions were diluted in water to 10 ng of total RNA/l, and 5 l of the diluted RT reactions was applied to each quantitative PCR reaction. For 18S rRNA amplification, the RT reactions were further diluted 100 times. The quantitative PCR was performed on an iCycler using iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) and gene-specific PCR primers at 200 nM each ( Table  2 ). The relative mRNA levels between experimental and control samples (R) were determined using the formula R ϭ (1 ϩ E)
Ϫ⌬Ct , where E is PCR efficiency, C t is threshold cycle number, and ⌬C t is equal to [(C t of experimental sample) Ϫ (C t of control sample)]. The PCR efficiency of each primer pair was determined by serial dilution of the RT reactions. The PCR result was normalized to 18S rRNA.
Flow Cytometry
For DNA profile analysis, cells were stained with propidium iodide (PI; SigmaAldrich). For p-histone H3 (Ser 10) analysis, cells were immunofluorescently labeled with mouse anti-p-histone H3 (Ser 10) monoclonal antibody (mAb) (Cell Signaling Technology, Danvers, MA) (1:25) and Alexa488-conjugated goat antimouse IgG (Invitrogen) (1:100) according to the manufacturer's instructions. For DNA replication analysis, cells were pulse labeled with 20 M 5-bromo-2Ј-deoxyuridine (BrdU, Sigma-Aldrich) for 30 min before harvest. The cells were immunofluorescently stained with mouse anti-BrdU mAb (Sigma-Aldrich) (1: 3.5) and Alexa488-conjugated goat anti-mouse IgG (Invitrogen) (1:50) as well as PI by a method of simultaneous nucleus extraction and acid hydrolysis as described previously (Williams et al., 1990) . All of the samples were analyzed on a FACSCalibur flow cytometer (BD Biosciences, Rockville, MD), and the data are processed using FlowJo 6 software (FlowJo, Ashland, OR).
Mitotic Index Assay
The mitotic index of the adenovirus-treated cells was determined by flow cytometric analysis of p-histone H3 (as described above) or by Giemsa (Sigma- 
All antisense oligonucleotides contain a four-nucleotide 5Ј-end overhang (AATT) compared with the corresponding sense oligonucleotides (antisense sequences not shown). The shRNA target sequences and their reverse repeats are underlined. Aldrich) staining as described previously (Qi and Martinez, 2003) . Mitotic cells stained with Giemsa were observed on a light microscope based on their condensed chromosomes and disintegrated nuclear envelopes. At least 500 cells were randomly counted for each sample.
Immunocytochemistry
For F-actin staining, cells were cultured on poly-d-lysine/collagen-coated coverslips. After treatment, the cells were stained with Alexa488-phalloidin (Invitrogen) (5 U/ml) according to the manufacturer's instructions. For observation of mitosis, floating and rounding cells in treated cell cultures were fully recovered by pipetting and resuspended in 50% calf serum in phosphate-buffered saline. The cells were spun onto slides on Shandon Cytospin (Anatomical Pathology USA, Pittsburgh, PA) at 500 rpm, fixed in 4% paraformaldehyde, and permeabilized in 0.2% Triton X-100. Mitotic spindles and chromosomes were stained with fluorescein isothiocyanate-conjugated mouse anti-␤-tubulin mAb (Sigma-Aldrich) (1:50) and PI (1 g/ml), respectively. All of the slides were observed on an MRC1024 confocal scanning laser microscope (Bio-Rad) by using LaserSharp 2000 software (Bio-Rad).
RESULTS
Knockdown of GPC1 Expression Suppresses Endothelial Cell Proliferation and Cell Cycle Progression
Previous work from our laboratory has shown that GPC1 is overexpressed in human glioma blood vessel endothelial cells and that moderate overexpression of GPC1 in mouse endothelial cells in vitro increases cell growth and response to FGF2 (Qiao et al., 2003) . To better understand the role of GPC1 in endothelial cell replication, we suppressed expression of this molecule by vector-based expression of double-strand shRNA. In accordance with published guidelines on siRNA quality assurance, several controls were included (Editorial 2003) . To ensure specific gene silencing, two independent shRNA constructs were designed, which share sequence homology solely with mouse GPC1 mRNA and target different regions in the GPC1 transcript. To rule out possible nonspecific effects imposed by expression of exogenous shRNA, scrambled controls for each shRNA also were constructed.
In pilot experiments, transient transfection of either of the two GPC1 shRNA constructs caused significant inhibition of GPC1 expression in mouse BMVECs, whereas their scrambled controls had no effect (data not shown). For more efficient delivery of these constructs and to avoid clonal variation with stable transfection, we cloned these shRNA constructs into an adenoviral DNA vector ( Figure 1A ). Preliminary tests with adenovirus carrying empty vector DNA failed to show any noticeable effect on cell growth or morphology at doses up to 400 multiplicities of infection (MOI) (data not shown). To determine the effectiveness and the optimum dose of the GPC1 shRNA adenoviruses, BMVECs were treated with increasing doses from 100 to 400 MOI. At 200 MOI, both of the shRNA adenoviruses were able to effectively abolish GPC1 expression at both the protein and mRNA levels within 48 h, whereas the scrambled controls had no obvious effect on the expression of GPC1 or other HSPGs (Figure 1 , B-F). Immunoblot analysis with antibody 3G10, which reacts with heparan sulfate stubs after heparinase digestion and therefore detects all HSPGs regardless of the core protein, demonstrated that the gene silencing effect of the shRNAs was specific to GPC1 ( Figure 1 , B and C). Immunoblot analysis with mouse GPC1-specific antiserum confirmed the identity of the targeted protein as GPC1 (Figure 1, D and E) . Because the consensus mechanism of shRNA-mediated gene silencing consists of double-strand shRNA-guided site-specific cleavage of mRNA by the so-called RNA-induced silencing complex (Tang, 2005) , quantitative RT-PCR with a primer pair whose amplicon spans the shRNA target sites inside GPC1 mRNA was performed. Approximately 95% of GPC1 mRNA disintegrated within 48 h of transduction with either GPC1 shRNA adenovirus ( Figure 1F ).
Based on our previous work, which demonstrated a direct relationship between GPC1 expression and cell growth, we predicted that GPC1 expression silencing would inhibit cell proliferation. Indeed, treatment with either GPC1 shRNA adenovirus resulted in cell growth retardation by ϳ45% after 72 h and 60% after 96 h compared with the scrambled controls ( Figure 2A ). No obvious cell death, morphologic change, or cell detachment was observed during at least the first 72 h of adenovirus treatment (Supplemental Figure  S1A ). To gain further insight into the mechanism of mitogenesis inhibition by GPC1 expression silencing, cell cycle analysis was performed by flow cytometry. Both GPC1 shRNA adenoviruses suppressed cell cycle progression, resulting in a transient increase of tetraploid (4N) cells and a progressive accumulation of polyploid (Ͼ4N) cells at the expense of the G1 cell fraction (Figure 2 , B and C, and Supplemental Figure S1B ). Significant apoptosis, characterized by sub-G1 DNA content was observed at 96 h ( Figure 2 , B and C, and Supplemental Figure S1B ). These findings are consistent with a G2 and/or M phase arrest and polyploidization as well as apoptosis in GPC1-deficient ECs.
To test whether GPC1 knockdown induced a sustained mitotic arrest, we determined the mitotic index of the adenovirus-treated cells by flow cytometric analysis of p-histone H3 (Ser 10), a well characterized mitotic marker (Crosio et al., 2002) . Treatment with GPC1 shRNA adenovirus induced a significant decrease in the mitotic index in the presence and absence of the microtubule depolymerization agent nocodazole ( Figure 2D ). A similar result was seen when the mitotic cells were directly visualized by Giemsa staining of condensed chromosomes (data not shown). These observations argue against a sustained mitotic arrest and are instead consistent with a G2 arrest and/or a short mitotic delay followed by mitotic slippage.
To investigate the mechanism of polyploidy induction and to determine whether mitotic slippage, which is usually followed by endoreduplication and polyploidization, has occurred in GPC1 shRNA adenovirus-treated cells, BrdU 
F, forward primer; R, reverse primer.
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Vol. 19, July 2008incorporation was measured by flow cytometry after BrdU pulse labeling. Decreased DNA synthesis was seen in the cells with a 2Nϳ4N DNA content after GPC1 silencing, consistent with suppressed proliferation and cell cycle progression ( Figure 2E ). Unexpectedly, DNA synthesis was significantly increased in polyploid (Ͼ4N) cells upon knockdown of GPC1 expression, suggesting tetraploid endoreduplication without subsequent mitosis and/or cytokinesis ( Figure 2E ). No accumulation of binucleate cells was apparent in the shRNA virus-treated cells, refuting a cytokinesis defect or cell fusion as cause of tetraploidy and polyploidy (data not shown). Together, these results suggest that knockdown of GPC1 expression results in mitotic slippage and subsequent endoreduplication, which alone or together with a G2 arrest contributes to the accumulation of tetraploid and polyploid cells. To further ascertain that the observed cell cycle alterations were the result of GPC1 knockdown rather than due to nonspecific off-target effects of the shRNA, we attempted the rescue of the cellular phenotype by GPC1 reexpression. Mouse GPC1 cDNA carrying silent mutations in the shRNA target sequence was coexpressed with GPC1 shRNA by adenoviral transduction. The principal cell cycle changes following GPC1 silencing, i.e., the increase in tetra-and polyploid and decrease in G1 cells, were dose-dependently reversed by the introduction of exogenous GPC1 (Supplemental Figure S2 ). These results indicate that the cell cycle alterations after GPC1 shRNA treatment could be attributed to GPC1 expression silencing. Interestingly, at the highest GPC1 dose (30ϫ), the 4N fraction increased again at the expense of G1, supporting the notion that the GPC1 dose is critical for cell cycle regulation (see below).
Flow cytometric cell cycle analysis was repeated in two additional mouse microvascular endothelial cell lines derived from the lung and bone of H-2K b -tsA58 mice to determine whether the effects on the cell cycle are cell line specific or whether they represent a more general regulatory mechanism. Primary HMVECs also were included in the analysis to rule out the possibility that the observed cell cycle disturbance was related to the p53-inactivating simian virus 40 large T antigen in cells from H-2K b -tsA58 mice. This is unlikely because the experiments were performed at the nonpermissive temperature of 37°C, where the large T antigen is rapidly inactivated.
The cell cycle change induced by silencing of GPC1 expression followed the same trend in the other three cell types, although some quantitative differences were apparent (Supplemental Figures S3 and S4) . Specifically, mouse endothelial cells from the lung exhibited a cell cycle change as dramatic as in BMVECs, whereas mouse endothelial cells from bone showed a relatively muted cell cycle change (Supplemental Figure S3) . The variability is not unexpected, considering the well-documented heterogeneity among endothelial cells form different organ sites. A considerable increase in tetraploidy was observed in HMVECs after GPC1 shRNA adenovirus transduction at later time points (e.g., at 96 and 120 h) (Supplemental Figure S4) . The delayed time course is likely at least in part due to the slow growth rate of these primary cells, although it cannot be ruled out entirely that a more intact p53 pathway and therefore a tighter G1 tetraploidy checkpoint (Andreassen et al., 2003) may have contributed to reduced polyploidization. In summary, these results indicate that the inhibition of cell cycle progression by GPC1 knockdown is not a cell line-specific effect and suggest that GPC1 is required in endothelial cells for supporting normal cell replication.
Knockdown of GPC1 Expression Down-Regulates Mitotic Cyclins and Securin
The data presented so far are consistent with a G2 arrest and/or mitotic slippage induced by the knockdown of GPC1 expression, which lead to tetraploidy and polyploidy. Both G2/M transition and exit from mitosis are tightly regulated by mitotic cyclins, including cyclins A (A2) and cyclin B1, and the cyclin-dependent kinases CDK2 and Cdc2 (CDK1) (Fung and Poon, 2005) . Cyclin A, expressed from late G1 to prometaphase, can activate both CDK2 and Cdc2. The cyclin A/CDK complexes are considered essential for the cell cycle progression in both S and G2 phases of the cell cycle (Yam et al., 2002) . Cyclin B1, expressed from mid-S to metaphase, can only activate Cdc2, and the cyclin B1/Cdc2 complex (also called M phase-promoting factor [MPF]) dominantly controls G2/M transition by phosphorylating substrates that are critical for entry into mitosis (Porter and Donoghue, 2003) . Additionally, anaphase-promoting complex/cyclosome (APC/C) mediated ubiquitin-proteosomal degradation of both cyclin A and cyclin B1 is a prerequisite for normal exit from mitosis (Peters, 2006) . APC/C-mediated degradation of securin, a small protein which inhibits the protease separase and thus stabilizes cohesion and inhibits sister chromatid segregation, also is required (Peters, 2006) .
In addition to the dynamic regulation of mitotic cyclins, the activity of the mitotic CDKs, especially the cyclin B1/ Cdc2 complex, is frequently regulated by altering the phosphorylation status of the CDK kinase proteins. Phosphorylation of Cdc2 at Thr 14 and Tyr 15 by Wee1 and Myt1 maintains the kinase in an inactive state before mitosis. The removal of these phosphate substitutions by Cdc25 phosphatases has been shown to be a critical step in cyclin B1/Cdc2 activation and entry into mitosis (Porter and Donoghue, 2003) . To determine whether a G2 arrest might be a plausible explanation for the observed cell cycle inhibition, we investigated the effect of GPC1 knockdown on mitotic cyclins and Cdc2. Neither the protein level of Cdc2 nor its phosphorylation at Tyr 15 was affected by GPC1 knockdown ( Figure 3A) . In contrast, the cyclin B1 protein level was dramatically reduced as early as 36 h after infection with GPC1 shRNA virus, whereas a significant decrease in securin protein level was noticed after 48 h ( Figure 3B) . A moderate decline in cyclin A protein level was also observed after 48 h in GPC1 shRNA adenovirus-treated cells compared with control virus infection ( Figure 3B ). Conversely, the protein level of cyclin E, which is normally highly expressed at the G1/S boundary and degraded shortly afterward by non-APC/C ubiquitin ligase-mediated proteolysis (Welcker and Clurman, 2005) , was unaltered ( Figure 3B) . A similar change in the mitotic cyclins was also observed in primary human dermal microvascular endothelial cells (Supplemental Figure S4D) .
Because transcriptional regulation also plays a role in the control of the protein levels of mitotic cyclins and securin (Fung and Poon, 2005) , the mRNA levels of cyclin A, cyclin B1 and securin in adenovirus treated cells were examined by quantitative RT-PCR. Treatment with GPC1 shRNA virus did not lead to a significant change in the mRNA levels ( Figure 3C ), suggesting that the transcription of these genes was not affected. Thus, the inhibition of GPC1 expression apparently accelerates APC/C-mediated proteolytic degradation of cyclin B1, cyclin A, and securin. p27 Kip1 and p21 Cip1 , the two prominent CDK inhibitors for both CDK2 and Cdc2 during interphase, are also regulated by APC/C activity and could induce G1 or G2 arrest dependent on the timing of their accumulation. These molecules are targeted by the Skp1-Cullin-F-box protein (SCF) E3 ubiquitin ligase complex SCF Skp2 for ubiquitin-proteosomal degradation. SCF Skp2 activity is further regulated by APC/C Cdh1 through ubiquitinating the F-box protein Skp2 (Bornstein et al., 2003; Bashir et al., 2004; Nakayama et al., 2004) . Thus, an increased APC/C Cdh1 activity induced by knockdown of GPC1 could lead to stabilization of p27 and p21 proteins. A significant increase in the protein levels of these CDK inhibitors was seen in GPC1 shRNA adenovirustreated cells ( Figure 3D) , consistent with the reduction in mitotic cyclins and securin ( Figure 3B ) as well as an elevated APC/C activity. 
Overexpression of GPC1 Affects Cell Growth and Cell Cycle Progression
The GPC1 knockdown experiments indicate an unexpected requirement of this molecule for proper cell cycle progression. To determine whether GPC1 regulates the cell cycle in a dose-dependent manner and to gain further insight into potential mechanisms of action, we examined the effect of forced overexpression of GPC1 on proliferating ECs. GPC1 expression levels were titrated by treating BMVECs with different doses of mouse GPC1 adenovirus or empty adenovirus control ( Figure 4A ). Forced expression of GPC1 led to dose-dependent effects on proliferation and cell cycle progression.
Infection with 5 MOI of GPC1 adenovirus slightly stimulated cell proliferation, whereas treatment with Ͼ10 MOI of GPC1 adenovirus led to cell growth inhibition accompanied by cell rounding and detachment from the tissue culture surface (Figure 4, B and C) . Further analysis by flow cytometry demonstrated a perturbed DNA profile in GPC1-overexpressing cells ( Figure 4D ). The cells treated with 5 MOI of GPC1 adenovirus had a relatively normal DNA profile with only a slight reduction in G1 phase cells. However, treatment with higher doses of GPC1 adenovirus induced progressive accumulation of an S phase-like subpopulation and aneuploidy as well as apoptosis, accompanied by a reduction in G1 phase cells. As a control, the cells were also transduced with increasing doses of an adenovirus containing the cell surface HSPG mouse syndecan-1 (SDC1). Importantly, even high doses of SDC1 (up to 100 MOI) had no effect on cell growth and cell cycle progression (data not shown). The mitotic index assay using flow cytometric detection of p-histone H3 (Ser 10) demonstrated an increase in the fraction of mitotic cells in GPC1-overexpressing cells at all dose levels ( Figure 4E ). Together with our prior observations, this result suggests accelerated cell proliferation at low GPC1 dose and mitotic arrest at higher GPC1 dose.
DNA synthesis was examined by flow cytometry following BrdU pulse labeling in cells with different DNA content to better characterize the cell cycle alterations ( Figure 4F ). In cells with a DNA content of 2Nϳ4N, low levels of GPC1 stimulated DNA synthesis, whereas higher GPC1 levels (doses of 25 or 50 MOI) suppressed DNA synthesis. In cells with a DNA content of Ͼ4N, DNA synthesis was stimulated at all GPC1 doses, suggesting tetraploid endoreduplication without subsequent mitosis, cytokinesis, or both. The decrease in DNA synthesis in the cells with 2Nϳ4N DNA content upon high level GPC1 overexpression, in contrast, suggests that the increased S phase-like subpopulation shown in Figure 4D was possibly the result of either apoptosis of higher-DNA content cells (Ն4N) or due to completed abnormal mitosis with unequal chromosome distribution between daughter cells. Together, these results suggest that low-level overexpression of GPC1 leads to increased cell proliferation, whereas high-level overexpression of GPC1 causes mitotic arrest, which subsequently progresses to aneuploidy and apoptosis.
Overexpression of GPC1 Up-Regulates Mitotic Cyclins and Securin
Since the degradation of mitotic cyclins and securin was stimulated by knockdown of GPC1 expression (Figure 3) , we analyzed the effect of GPC1 overexpression on the protein levels of mitotic cyclins and securin as well as Cdc2. As in the GPC1 knockdown experiments, neither total protein level of Cdc2 nor its phosphorylation at Tyr 15 were affected by overexpression of GPC1 ( Figure 5A ). However, consistent with the GPC1 knockdown experiments, the protein levels of cyclin B1, cyclin A, and securin were significantly increased following GPC1 overexpression in a dosedependent manner ( Figure 5B ). The protein level of APCindependent cyclin E was not affected. Quantitative RT-PCR failed to reveal a change in cyclin B1, cyclin A and securin mRNA levels, indicating that the increase of these proteins by GPC1 is not caused by enhanced transcription ( Figure   5C ). These results suggest that GPC1 overexpression suppressed APC/C-mediated proteolytic degradation of cyclin B1, cyclin A, and securin.
GPC1 Overexpression Induces Multipolar Mitotic Spindles
To better characterize the mitotic defects, we visualized mitotic spindles and chromosomes with ␤-tubulin/PI immunofluorescence microscopy. Normal mitotic cells in prometaphase, metaphase, anaphase, and telophase and abnormal mitotic cells with either multipolar or monopolar spindles were differentiated and counted ( Figure 6A ). Compared with scrambled control virus, GPC1 shRNA adenovirus treatment reduced the fraction of telophase and multi- Figure 5 . Overexpression of GPC1 up-regulates mitotic cyclins and securin. BMVECs were treated with GPC1 or control adenovirus for 48 h at different MOI as indicated. (A and B) The levels of p-cdc2 and cdc2 (A) and cyclins B1, A, and E, and securin (B) in the cells were examined by immunoblot analysis, with ␤-actin as loading control. (C) Total RNAs were isolated from the cells treated with the adenoviruses at 25 MOI, and quantitative RT-PCR was performed for cyclin B1, cyclin A, and securin. The relative mRNA levels of these genes comparing GPC1 and control virus treatments were determined. Each bar represents the mean Ϯ SE of three independent experiments. polar spindle cells among mitotic cells and caused a decline of total mitotic events as described above (Figures 2D and  6B ). The proportion of anaphase cells increased after GPC1 knockdown ( Figure 6B ). The relative increase in anaphase cells and decrease in telophase cells suggest either accelerated mitotic exit from metaphase or mitosis delay in anaphase. Overexpression of GPC1 with higher doses of virus caused a dramatic increase in the proportion of mitotic cells with multipolar spindles in a dose-dependent manner, and it was accompanied by a relative increase in metaphase cells and a decrease in both anaphase and telophase cells ( Figure  6B ). The significant increase in multipolar spindle cells and the change in the fraction of metaphase, anaphase, and telophase cells suggest that overexpression of GPC1 induces centrosome overproduction and mitotic arrest or delay at both prometaphase and metaphase. Monopolar spindle cells constituted a relatively small proportion within the mitotic cells under all adenovirus treatment conditions ( Figure 6B ).
Cyclin B1 and Cyclin A Overexpression Mimics the Effects of GPC1 -Cyclin A Overexpression Is Sufficient to Induce Multipolar Mitotic Spindles
It is well documented that cell cycle-dependent expression and degradation of mitotic cyclins and securin play an essential role in the proper progression through mitosis in mammalian cells (Pines, 2006) , and that Cdk2, paired with either cyclin A or cyclin E, acts as a licensing factor for centrosome duplication (Tsou and Stearns, 2006) . We found in this study that the protein levels of mitotic cyclins and securin were regulated by GPC1 expression, i.e., up-regulated by GPC1 overexpression and down-regulated by knockdown of GPC1 expression (Figures 3B and 5B ). To Cell Cycle Regulation by Glypican-1 determine whether forced expression of mitotic cyclins is sufficient to replicate the mitotic alterations observed during GPC1 overexpression, cells were transiently transfected with wild-type mouse cyclin B1, cyclin A, or control vectors. Immunoblot analysis confirmed the overexpression of the cyclins following their transfection in comparison with control vectors ( Figure 6C ). Cyclin B1 overexpression induced a relative increase in metaphase cells and a decrease in anaphase cells, but it had no effect on the percentage of mitotic cells with multipolar spindles (Figure 6D ). Conversely, overexpression of cyclin A led to a dramatic increase in multipolar spindle cells in addition to a disappearance of monopolar spindle cells ( Figure 6D ). Thus, forced expression of the mitotic cyclins is sufficient to induce mitotic alterations similar to those seen during GPC1 overexpression, and it suggests that these cyclins mediate the GPC1 effects on mitosis.
GPC1 Regulates BubR1 and Emi1 Gene Expression
Our findings point toward the regulation of APC/C by GPC1. APC/C specifically ubiquitinates destruction box (Dbox)-containing cell cycle proteins, such as mitotic cyclins and securin, and its activity is tightly regulated by different protein kinases and protein inhibitors (Baker et al., 2007) . Protein kinase A (PKA) is a well-characterized negative regulator of APC/C. Therefore, we examined whether the PKA agonist DBcAMP reverses the effect of GPC1 knockdown and whether the PKA antagonist KT5720 abolishes the effect of GPC1 overexpression on the cells cycle. Even high concentrations of DBcAMP or KT5720 failed to reverse the cell cycle alterations caused by low or high GPC1 levels, respectively (Supplemental Figure S5) , effectively ruling out PKA as a critical mediator of APC/C regulation by GPC1. The spindle assembly checkpoint (SAC) proteins, Bub1, BubR1, Bub3, Mad1, Mad2, and Emi1 represent another group of APC/C inhibitors (Baker et al., 2007) . Quantitative RT-PCR analysis of the SAC protein and Emi1 mRNAs demonstrates that the manipulation of GPC1 expression levels regulates the mRNA levels of both BubR1 and Emi1 (Figure 7, A and B) . Specifically, both BubR1 and Emi1 transcripts were significantly lowered during GPC1 knockdown and significantly elevated when GPC1 was overexpressed. BubR1 and Emi1 protein levels were consistent with these results (Figure 7, C and D) . To investigate whether APC/C components could be affected by altered GPC1 expression, immunoblot analysis was also performed for the APC/C coactivators Cdc20 and Cdh1, and the APC/C subunit APC2. Cdc20 and APC2 levels were unaltered in both experimental conditions, whereas Cdh1 was significantly suppressed in GPC1-overexpressing cells (Figure 7, C and D) . Overall, these observations are consistent with a positive regulation of Emi1 and BubR1 transcription by GPC1. Consequently, reduced APC/C activity upon GPC1 overexpression results in elevated levels of mitotic cyclins and securin and either accelerated cell cycle progression or a failure to normally exit from mitosis (Figure 8 ).
Multiple intracellular signaling pathways, including the p38 and JNK mitogen-activated protein kinase, Src/Sam68, PI3K/Akt, and FAK pathways, have been reported to participate in the regulation of mitosis in addition to PKA (Shalloway et al., 1992; Yamakita et al., 1999; Dangi et al., 2003; Mikhailov et al., 2005; Jordan et al., 2006) . In an effort to investigate whether these signaling pathways are involved in GPC1-mediated regulation of mitosis either upstream of or parallel to BubR1 and Emi1, the effect of changing GPC1 expression levels on these signaling pathways was also examined (Supplemental Figures S6 and S7) . A forced decrease or increase in GPC1 expression had no effect on the activat- ing phosphorylation status of these molecules, arguing against their involvement in the GPC1 regulation of mitosis.
DISCUSSION
Here, we report the novel finding that GPC1 regulates proliferation and normal cell cycle progression of proliferating ECs. In agreement with our previous work, the forced expression of GPC1 to moderate levels stimulates EC proliferation without apparent disturbance of the cell cycle. In GPC1-deficient ECs, proliferation is almost abolished, accompanied by the accumulation of tetra-and polyploid cells. Robust overexpression of GPC1 disrupts the cell cycle progression apparently by mitotic arrest in addition to an induction of aneuploidy and apoptosis. These findings indicate that EC proliferation requires an optimal GPC1 concentration and that a deviation from this optimal level in either direction disrupts the cell cycle.
The knockdown of GPC1 expression induces tetraploidy, polyploidy, and apoptosis (Figure 2 ). Potential causes for this effect include a G2 arrest, a mitotic arrest or a premature mitotic slippage, and subsequent endoreduplication. The possibility of a mitotic arrest can be ruled out based on the observation that the mitotic index is reduced following GPC1 knockdown. Several lines of evidence point toward a G2 arrest during GPC1 expression silencing. GPC1 knockdown significantly suppresses cyclin B1 levels without affecting Cdc2 and induces the CDK inhibitors p27 and p21, which altogether should result in a significant inhibition of cyclin B1/Cdc2 kinase activity. p27 and p21 may inhibit CDK2 kinase activity in G1 phase to induce a G1 arrest as reported previously (Coqueret, 2003) . However, our data suggest an elevated APC/C activity in GPC1-silenced cells, and several studies indicate that SCF Skp2 , the downstream target of APC/C Cdh1 , targets p21 in S phase and p27 in S-G2 phase, regulating Cdc2 kinase activity and entry into mitosis (Bornstein et al., 2003; Nakayama et al., 2004) . Cyclin B1/ Cdc2, also called MPF, is a key effector for entry into mitosis (Stark and Taylor, 2006) , and a threshold level of cyclin B1 is required for G2/M transition during the cell cycle (Porter and Donoghue, 2003) . Given the consistent induction of G2 arrest by suppression of cyclin B1/Cdc2 in various cell types (Stark and Taylor, 2006) and the fact that Emi1, an APC/C inhibitor functioning through late G1 to early M phase (Reimann et al., 2001; Hsu et al., 2002) , is reduced by inhibiting GPC1 expression, a G2 arrest seems likely. However, the cells are not arrested in G2 phase permanently since tetraploid endoreduplication and consequent polyploidization occur subsequently. There is experimental precedent that cells arrested at the G2 phase can adapt and enter M phase aberrantly (Andreassen et al., 2001) . Mitotic cells meeting obstacles in mitosis progression or undergoing mitosis errors may exit mitosis prematurely and return to interphase (G1) in a tetraploid state by so-called mitotic slippage (Rieder and Maiato, 2004) . These cells face a p53-dependent G1 tetraploidy checkpoint and frequently proceed to endoreduplication during which DNA is replicated without subsequent mitosis or cytokinesis, resulting in poly-or aneuploidy (Andreassen et al., 2003) . Our observations support such cellular transition after knockdown of GPC1 expression, although the relative contribution of G2 arrest and mitotic slippage to the accumulation of tetraploid cells is unclear. Increasing evidence associates endoreduplication to inhibition of Cdc2 kinase activity in different organisms, including budding yeast, fission yeast, Drosophila, and mammalian cells (Edgar and Orr-Weaver, 2001; Nakayama et al., 2004) . It has been reported that premature degradation of cyclin B1 mediates mitotic slippage from a normal mitotic checkpoint in nocodazole treated cells (Brito and Rieder, 2006) , and that cyclin B1 degradation is accelerated and contributes to the polyploidization in megakaryocytes (Zhang et al., 1998) . Depletion of securin has been found to increase arsenite-induced mitotic arrest and aberrant chromosomal segregation in human cells (Chao et al., 2006) . Moreover, immunodepletion of Emi1 in Xenopus strongly delays cyclin B1 accumulation and mitosis entry (Reimann et al., 2001) . A role of the APC/C complex is further supported by the observation that mice haploinsufficent for the APC/C regulator BubR1 are characterized by mitotic slippage and enhanced tumor development (Dai et al., 2004) .
Cellular changes induced by GPC1 overexpression are dose-dependent. Low-level overexpression of GPC1, e.g., with 5 MOI of GPC1 adenovirus, stimulates cell growth without a significant disturbance to the cell cycle. This result is consistent with a stimulation of DNA synthesis and accelerated mitotic entry and the observation that cyclin A and cyclin B1 are induced to a moderate level. Dependent on the cell cycle stage, cyclin A and cyclin B1 act synergistically to stimulate cell cycle progression from G1 phase to mid-mitosis (Fung and Poon, 2005) . In contrast, high-level overexpression of GPC1 disrupts normal cell cycle progression with an induction of mitotic arrest and aneuploidy as well as apoptosis. The stabilization of the mitotic cyclins induced by elevated GPC1 levels is a plausible mechanism for the observed mitotic arrest. Specifically, stabilized cyclin A induces centrosome overproduction, leading to multipolar mitotic spindles and mitotic arrest at prometaphase (Balczon, 2001; Faivre et al., 2002; Kronenwett et al., 2003) . Stabilized cyclin B1 induces mitotic arrest at metaphase, consistent with a report that pro- GPC1 signals to up-regulate Emi1 and BubR1 expression, which could suppress the ubiquitin ligase activity of APC/C Cdh1 during interphase and of APC/C Cdc20 during mitosis. Mitotic cyclins and securin are the primary targets of APC/C for ubiquitin-proteasomal degradation. During the normal cell cycle, they must be accumulated during interphase for entry into mitosis, and they have to be destroyed around mid-M phase for the exit from mitosis. SCF Skp2 targets p27 and p21, which could inhibit both CDK2 and Cdc2 activity, and itself is suppressed by APC/C Cdh1 through ubiquitination of the Skp2 subunit. During GPC1 silencing, down-regulation of Cdc2 activity by reducing cyclin B1 and increasing p27/p21 protein levels may play a key role in the cell cycle abnormality, including G2 arrest and endoreduplication. In GPC1-overexpressing cells, dramatically increased levels of mitotic cyclins and securin may account for the development of mitotic arrest and subsequent aneuploidization. A moderate increase in mitotic cyclins could accelerate cell cycle progression without significant disturbance.
Cell Cycle Regulation by Glypican-1 Vol. 19, July 2008nounced overexpression of nondestructible cyclin B1 causes metaphase arrest without detectable sister chromatid separation in human cells (Wolf et al., 2006) . A large proportion of mitotic cells contain multipolar mitotic spindles both during GPC1 or cyclin A overexpression (Figure 6 ), implicating cyclin A as a down-stream effector of GPC1. Securin is also significantly stabilized by high-level overexpression of GPC1, which may additionally contribute to the mitotic arrest by inhibiting separase and therefore chromatid segregation (Christopoulou et al., 2003) . Similar to GPC1 expression silencing, the cells arrested in mitosis acquire aneuploidy, likely by mitotic slippage and subsequent endoreduplication. The tetraand aneuploid cells ultimately undergo apoptosis as revealed by the observation that sub-G1 cells, tetra-and aneuploid and S-phase like cells constitute the detached and rounding cell population (data not shown).
The synchronized regulation of cyclin A, cyclin B1, and securin dependent on GPC1 levels points toward the APC/C complex as a critical player. GPC1 up-regulation induces gene expression of Emi1 and BubR1, both of which are known to suppress the activity of APC/C (Pines, 2006) . APC/C is comprised of APC/C Cdc20 and APC/C Cdh1 , which differ in their activation subunits (i.e., Cdc20 or Cdh1). Emi1 and BubR1 have differential effects as Emi1 inhibits both APC/ C Cdh1 and APC/C Cdc20 before prometaphase, whereas BubR1 inhibits APC/C Cdc20 only during prometaphase (Peters, 2006). The up-regulation of p27 and p21 protein levels in GPC1 silenced cells is consistent with such modulation of APC/C activity by GPC1 according to the well-characterized APC/C Cdh1 -SCF Skp2 -p27 ubiquitination pathway (Bashir et al., 2004) . Studies in Skp2 Ϫ/Ϫ and p27 Ϫ/Ϫ single and double mutant mice have demonstrated that stabilization of p27 by eliminating SCF
Skp2
, which occurs in S-G2 phase to suppress Cdc2 kinase activity, is sufficient to induce a cellular phenotype, which is characterized by enlarged, polyploid nuclei and endoreduplication as well as a reduced mitotic index. These cellular events can be induced in cultured cells by an experimental reduction of Cdc2 activity (Nakayama et al., 2004) , and they are observed in the present study when GPC1 expression is silenced (Figure 2 ). Thus, it seems that reduced Cdc2 activity caused by a decrease in cyclin B1 and an increase in p27/p21 may play a key role in the cell cycle dysregulation induced by GPC1 silencing (Figure 8 ). The reduction of Cdh1 may contribute to the down-regulation of APC/C activity when GPC1 is highly overexpressed ( Figure 7D ).
How GPC1 regulates Emi1 and BubR1 expression is presently unclear. Via its HS chains, GPC1 functions as coreceptor for morphogens, growth factors, and antiangiogenic effectors (Whitelock and Iozzo, 2005) . Whether this activity is responsible for the observed effects on cell cycle and mitosis is uncertain. Clearly, HS is insufficient because SDC1 overexpression does not reproduce the GPC1 overexpression phenotype. Alternative, intracellular activities of GPC1 also must be considered. GPC1 can transfer to the cytosol and translocates into the nucleus (Liang et al., 1997) . Interestingly, the nuclear localization pattern of GPC1 fluctuates during cell division and cell cycle, suggesting that the molecule may be directly involved in these events (Liang et al., 1997) .
The link between glypican and cell cycle regulation as described here is not without precedent. A genetic screen to identify mutants of cell division patterning in the developing Drosophila CNS led to the discovery of dally, one of two glypican homologues in this organism (Nakato et al., 1995; Jackson et al., 1997) . Loss of dally function delays entry into mitosis in a specific set of retinal neurons; however, other tissues and overall viability are also affected. Dally mutants are characterized by a delay in the loss of mitotic cyclins and in the exit from mitosis in two groups of dividing cells in the developing eye disk and larval brain (Penton et al., 1997; Nakato et al., 2002) . The function of dally at least in part seems to be mediated by the core protein rather than the HS chains (Kirkpatrick et al., 2006) . Reduction of cyclin A but not cyclin B effectively rescues the mitotic defect (Nakato et al., 2002) . The effect of dally on mitotic cyclins is opposite to that of GPC1, and deregulation of cyclin A and cyclin B contribute differently to the mitotic defect caused by the dally mutation. This inconsistency may reflect differences between vertebrates and Drosophila in the regulation of mitotic cyclins and mitosis or indicate a completely different signaling mechanism. Nevertheless, both GPC1 and dally signaling seems to converge upon the proteolytic degradation of mitotic cyclins by APC/C. In summary, our findings suggest a fundamental role for GPC1 in the regulation of cell cycle progression and mitosis.
